Conditions were found in which Chiamydomonas reinhardi exhibits a circadian alteration of its cel surface, measured as ability to stick to glass.
ceUs in a mixed culture; nor was there a progressive increase in stickiness shown at the minimum from one cycle to the next in a pure culture. These results indicate that sticking probably is not mediated by long lived adhesive material or enzymes excreted into the medium. Several tests of the sensitivity of stickiness to replacement of the growth medium by distilled water or water containing various compounds suggest that ions might play an important role in the sticking reaction.
Many eukaryotic organisms have been shown to possess a biological clock which synchronizes a wide variety of activities to the 24-h environmental cycle of light and darkness (1, 13) . This clock is generally believed to be a subcellular biochemical system which, under the selective pressure of the environmental cycle, evolved to be circadian timekeeper. It persists under conditions of constant temperature and light (or darkness), it can be phase shifted by light or temperature perturbations, and the period is relatively insensitive to temperature and to varying physiological conditions which influence growth.
More than 2 decades of study have shown that the clock is remarkably insensitive to biochemical probing: so far, physiological studies have revealed little about its mechanism. Several investigators are carrying out genetic approaches to the problem of the mechanism of the clock (4, 7, 12) . One of these long range studies is employing the unicellular green alga Chlamydomonas reinhardi (4, 5) . In this organism, the biological clock is known to control phototactic responsiveness (3), growth (3), and motility (K. Brinkmann, personal communication).
Alongside the genetic work, we are continuing the search for additional rhythmic properties in C. reinhardi. Our aims are to characterize better the diversity ofclock-driven phenomena in this organism and to provide more "handles" for use in the genetic and physiological studies of clock mutants. We pursued some observations made with continuous cultures that indicated that the cells might be showing varying extents of adhering to the culture flask during a light-dark cycle (3) . This paper reports that C. reinhardi exhibits circadian rhythms of cell surface property (measured as the ability to stick to a glass surface), of cell division, and of hatching (release of daughter cells after division). The rhythm of stickiness was characterized most extensively and was exploited to demonstrate that mutual entrainment does not occur in mixed populations of cells having different natural periods.
MATERIALS AND METHODS
Strains. Two strains of C. reinhardi were used for this work:
Lo-, A wild type strain which is streptomycin-sensitive and has nearly a 24-h period (4, 5) , and a streptomycin-resistant derivative of per-4 mt- (5) , which has a longer period (about 27 h, in the experiments reported here). These strains hereafter will be referred to as wt (for wild type) and per-4, respectively.
Cultures. Stock cultures were maintained in the minimal medium 0.3HSM as described elsewhere (4) .
Batch cultures were used for measurement of the rhythms. Twenty ml 0.3HSM in a 125-ml DeLong flask were inoculated with cells taken from a plate. The flask was incubated with gentle rocking in continuous illumination from cool-white fluorescent lamps (about 3200 lux; about 0.3 mw/cm2). When the cells had grown to a density of 2 to 5 x 106 cells/ml, they were used to inoculate 90 ml 0.3HSM + 0.15% (w/v) Na-acetate in a 500-ml DeLong flask so as to give 5 x 103 to 5 x I04 cells/ml. This culture was incubated for 2 days in the light as described above. The resulting culture was adapted to heterotrophic growth, was still in the exponential phase of growth, and was dense enough for use in an experiment (10'-2 x 106 cells/ml). It was then placed in constant darkness (20-21 C, no rocking) for an experiment. The transfer to darkness initiated the rhythms of division, hatching, and sticking.
For some experiments, the cultures were grown in 0.3HSM in the light without acetate present and were given a 6.5-to 12.75-h pulse of darkness before being placed in cool-white fluorescent light (about 1,000 lux; 0.1-0.2 mw/cm2). The dark pulse initiated rhythms of sticking and hatching, which damped out after a few cycles (cell division was not monitored under these conditions).
Separated sticking and nonsticking cells (see later) were plated by spreading 0.1 ml diluted culture onto plates containing 0.3HSM + 0.2% (w/v) Na-acetate + 1.5% (w/v) agar ± 50 ,ug/ml streptomycin sulfate. All plates were incubated at about 21 C in coolwhite fluorescent light (about 0.3 mw/cm2).
Reagents and Instrumentation. Compounds used in culture media were obtained from commercial sources and were reagent grade. Streptomycin sulfate was from the Nutritional Biochemicals Corp., Cleveland, Ohio; and cycloheximide was from the Upjohn Co., Kalamazoo, Mich. before impinging on the bottoms of the vials at an intensity of about 0.3 mw/cm2.
The vials used in the assay of sticking were Pyrex shell vials (22 mm i.d.). They were washed with detergent and rinsed with tap and distilled H20.
Measurement of Sticking to Glass. Sticking of the cells to glass was measured at ambient temperature (22-28 C) in a darkened room. Dim green light (1 1-54 lux) was present during the manipulations of the cultures. The stock culture flasks, in black cloth bags, were removed for a few minutes from the 21 C cabinet. Each flask was swirled many times to dislodge any sticking cells; then 2.5 ml of the suspension were pipetted into each of two vials. After 30 min, the liquid was removed with a Pasteur pipette, cells sticking to the vials were resuspended in fresh medium, and the separated sticking and nonsticking cells were counted.
There were two stock cultures from which samples were removed; one had been transferred to darkness 12 h after the other. In this way, data taken from the cultures during a 12-h period could be combined to represent a continuous, 24-h record. It generally was necessary to dilute the growing cultures every day in order to maintain a cell density that was great enough for a reliable measurement of sticking but not so great as to exceed saturation of the surface used in the measurements. This also prevented the cultures from entering the stationary phase of growth and therefore permitted the continued measurements of cell division and hatching. Controls showed that any immediate effects of the dilutions on the amplitude or period of the rhythm of sticking were small or negligible.
Errors arising from the sticking of cells to pipettes and from failure to dislodge all sticking cells from the stock flasks or the vials were small: the sum of the concentrations of separated sticking and nonsticking cells agreed with the measured cell concentrations in the stock flasks. The greatest source of error in the assay may have come from accidental disruption of the fragile film of sticking cells during removal of nonsticking ones.
For observations of sticking cells in the light microscope, maximally sticking cells ( (Fig. 1, bottom panel) . Typically 30 to 70%/o of the cells would stick to the vials during the 30-min incubation at the peak of stickiness, forming a clearly visible film; less than 10%o (and generally about 2-4%) would adhere during the minimum of the cycle. The cells also divided synchronously, with a peak in the appearance of clusters of two and four cells following the peak of stickiness (Fig. 1, middle panel) . In addition, there was a rhythm of increases in cell counts (hatching), with stepwise increases occurring during the subjective night (Fig.  1, top panel) .
Persistence of a rhythm in constant environmental conditions should be demonstrable if it is controlled by the biological clock. Figure 3 (control) shows that the rhythms of sticking and hatching persist, undamped, for at least five cycles in constant darkness and temperature. For the experiments of Table II (see later) , measurements taken on the 7th day of darkness indicated that the rhythms still had not damped out. Cell division was not monitored longer than 3 days, but presumably it also persisted in experiments like that in Figure 3 .
The phase is a parameter that reflects the coupling of a biological response to the underlying clock mechanism; it also is a way of expressing the time at which a maximum (or minimum) occurs in a rhythm. In our experiments, the transfer to darkness marks a CT of 12. (The CT scale is a 24-h cycle to which rhythms showing different free-running periods can be normalized for comparison). For wt, the interval between this transfer and the peak of stickiness was about 2 h (five experiments, range of 1.3-3.8 h); therefore, its peak of stickiness occurs at CT about 14; and to the extent that we can tell from three experiments, the peak of its cell division rhythm appears at CT about 18. The peak in its hatching rhythm would occur when the rate of increase in cell count is maximal. This comes near the end of the circadian night, presumably after CT 18 (see Figs. 1 and 3), but our measurements lack sufficient resolution to pinpoint the time any better. Phase shifting of the rhythms in response to pulses of light or temperature was not investigated.
The amplitudes (differences between maximal and minimal responses) of rhythms which are driven by the clock can show wide variations under different physiological conditions of the cells. Such variation has been documented for the rhythm of phototactic responsiveness in C. reinhardi (3) and is seen here for the rhythms of sticking, cell division, and hatching (see Figs. 1-3 ).
Period and Homeostasis of Period. All clock-controlled phenomena in a cell should show the same free-running period. We found this to be true for both wt and the longer period per-4: wt shows sticking, cell division, hatching, and phototactic rhythms with a free-running period of about 24 h, andper-4 expresses these four rhythms with a period of 26 to 27 h (see Fig. 4 for sticking by this strain). Figure 2 shows that at 10 to 11 C, the periods of the sticking rhythm for wt (about 23 h) and per-4 (about 27 h) are comparable to those shown at 20 to 21 C (Fig. 4) ; therefore these rhythms show the temperature compensation typical of circadian rhythms. The period of wt actually increases slightly with increasing temperature; this overcompensation has previously been reported for the rhythm of phototactic responsiveness in this strain (5). Within limits, the periods of circadian rhythms are unaffected by changes in the growth rate of the cells. This has been documented for the growth rhythm and the phototactic rhythm in C. reinhardi (3) , and it is clearly demonstrated for the rhythm of sticking by comparison of the periods of the rhythms in the experiments of Figures 3 (control cultures) and 4 (in which the cultures showed doubling times of about 24 h) with those in the experiment of Figure 2 . In this latter experiment, some cell division and hatching occurred during the first cycle, but thereafter, the cell numbers for both wt and per-4 remained essentially constant, with two-and four-cell clusters always present in low numbers (less than 4% of the population).
Effect of Cycloheximide. Cycloheximide has been shown to lengthen the period of the biological clock in several organisms (6, 17) . Figure 3 shows that this also is the case for the sticking and hatching rhythms in Chlamydomonas. The cycloheximide was added just prior to placing the cultures in darkness. Cycloheximide at 0.5 ,ug/ml caused about a 2-h lengthening of the period; 
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Ratios of the percent of cells sticking after being resuspended in the same (supernatant) medium to the percent sticking shown by uncentrifuged cells.
3.
Ratios of the percent of cells sticking after being washed and resuspended in distilled water to the percent sticking shown by uncentrifuged cells.
4.
Ratios of the percent of cells sticking after being washed with distilled water and resuspended in distilled water containing 10 ml compound to the percent shown by cells resuspended in distilled water alone.
5. CT = circadian time, where the circadian time scale contains 24 h per cycle, and CT=O marks the beginning of the subjective day.
cells. Cells whose flagella had been amputated just prior to the sticking assay showed the same rhythm of sticking as that of untreated control cells. The treated preparation always was more than 80o nonmotile (judging by microscopic observation), at both the beginning and end of the incubation in the vials, but its sticking involved as much as 60 to 70%o of the cells (data not shown). Kinetics of Sticking. Experiments exploring the assay of sticking also provided some information about the phenomenon itself. In one experiment, a series of samples was withdrawn from both the subjective day and night cultures near the beginning of their respective day and night phases. These samples were placed in vials, and the nonsticking cells were removed after periods ranging from 30 min to 9 h. Incubation of cells from the minimally sticking day culture for as long as 3 h did not appreciably increase the number of cells sticking, whereas the maximally sticking night cells showed an increase to a plateau level. However, as expected, the night samples became less sticky upon further incubation, and the day samples increased in stickiness as the cultures began to enter the opposite phases of their circadian cycles. Sticking determined for shorter durations of the assay (2- Perturbations of Stickiness. The stickiness of maximally and minimally sticking cells can be strongly affected by handling and by the ionic environment. Table I summarizes the results of several experiments that explored these effects. For these experiments, a rhythm of sticking was initiated in cultures either by transfer to darkness or by transfer to dim light after a dark pulse. Samples were removed at times of maximal and minimal sticking, and the cells were pelleted, washed, and resuspended in distilled H20 for tests of effects of various compounds on the sticking reaction.
The cells did not form firm pellets after centrifugation, so the process of washing and resuspension actually involved several centrifugations. Table I (original growth medium) shows that the centrifugations themselves caused some decrease in the maximal response, with no effect on the minimally sticking cells. In a control experiment, we monitored the rhythm of sticking for two cycles after a 30-min centrifugation of the cells to see if this decrease in the maximal sticking represented an effect on the sticking reaction itself or a phase shifting of the clock. There was no effect on the phase of the rhythm. The amplitude of the rhythm remained depressed throughout the first cycle in the centrifuged cultures, but it recovered to that shown by noncentrifuged controls in the second cycle. We conclude that a temporary, relatively small loss of stickiness resulted from centrifugation alone. Washing and resuspension in distilled H20 generally resulted in an appreciable loss of stickiness for maximally sticky cells, again with little effect on minimally sticking cells (Table I 
STRALEY AND BRUCE
were plated onto medium without streptomycin. Colonies from these plates were picked at random and tested for ability to grow in the presence of streptomycin. The actual enrichment in per-4 obtained in the experiment was calculated from the numbers of streptomycin-resistant clones present in the samples of sticking and of unseparated (sticking + nonsticking) cells (see Table II ). The unseparated cells from the mixture always showed the expected fraction of streptomycin-resistant clones (10%o) in these experiments, indicating that this approach for the analysis is valid. The testing for streptomycin resistance was made after prior growth on medium without streptomycin because direct platings of separated sticking cells on media with or without streptomycin showed variable plating efficiencies (relative to Coulter counts). This might have resulted from damage to the sticking cells during the handling for separation (and resuspension). Table II lists results for five trials of the experiment. The actual enrichments agreed with the expected ones, on the average. The wide scatter of actual results from expected ones in individual experiments may arise from the large variation in waveform of the sticking rhythm from cycle to cycle within the same culture and from culture to culture (Figs. 1, 3, and 4) .
The enrichment obtained in these experiments did not result from faster growth of the per-4 in the mixture. The increases in cell number by the two strains of Chlamydomonas in the separate flasks were comparable, and plating analyses of the composition of samples taken during the first and fourth cycles of rhythmicity from various mixtures of the two strains as well as from control flasks of the separate strains showed no evidence of differential growth or plating efficiencies of the two strains. These control experiments included mixtures containing the two strains or cells of the same strain initially 1800 out of phase with respect to their circadian rhythms as well as mixtures and separate cultures that were homogeneous with respect to the phases of their clocks at the start of the experiment. Therefore, we feel that there was no mutual entrainment of per-4 by wt in the experiments of Figure 4 and Table II and that the rhythm of stickiness may indeed prove useful as the basis of an enrichment procedure for mutants of the biological clock.
DISCUSSION
We have described three circadian rhythms in C. reinhardi: cell division, hatching, and stickiness to glass. Previous work with Chlamydomonas in continuous cultures under constant illumination revealed a circadian rhythm of growth (indexed by changes in cell number and protein per ml of culture) but showed no observable rhythmicity of the nuclear cycle (3 CELL SURFACE RHYTHM IN CHLAMYDOMONAS persisting rhythms have only small period variations within the population, and weak mutual entraining effects are sufficient to maintain rough synchrony in the population. Our experiments with Chlamydomonas might represent a situation in which differences in natural period in the population (ie. between wt and per-4) were too great for the hypothetical weak entraining forces to exert a significant effect. This might also explain failures to observe mutual entrainment in groups of Acetabularia cells initially synchronized by a light-dark cycle (18) : Acetabularia is an organism having relatively large variations in natural period from cell to cell (10) .
We also showed that the biological clock in Chlamydomonas, as assayed by the rhythms of sticking and hatching,.is sensitive to the protein synthesis inhibitor, cycloheximide. The rhythm of phototactic responsiveness in this organism is similarly affected by this drug (unpublished data). Effects on the clock in several organisms have been demonstrated for the protein synthesis inhibitors, cycloheximide, puromycin, and anisomycin (6, 9, 11, 16, 17) , and it is considered possible that protein synthesis may play a role in the mechanism of the clock (17) . We note here that Chlamydomonas is another organism in which the clock might be probed by this drug and that, as expected of an effect on the clock, the rhythms of both sticking and hatching showed similar lengthening in period.
Another motivation behind the characterization of new rhythms in an organism is the hope of finding a property that is part of, or is tightly coupled to, the clock mechanism itself. In the latter case, one would have a phenomenon which reflects the state of the driving oscillator with little lag. A hypothetical example would be a situation in which the clock mechanism included a change in net charge in a region of a membrane, and a nearby pigment molecule (not part of the clock itself) responded to the change in charge with an electrochromic shift. The circadian rhythm of changes in the absorption spectrum of the pigment would be an example of a rhythm that is tightly coupled to the driving oscillator. It would be desirable to find an easily measured tightly coupled rhythm, since it might afford a clue as to the mechanism of the clock or as to a way ofdirectly probing the clock mechanism via feedback.
The current speculations about roles of membranes and ionic movements in the mechanism of the clock (e.g. 15, 18, 20) clearly justify the further study of stickiness as a possible candidate for a tightly coupled rhythm. (This rhythm probably is not a manifestation of the driving oscillation itself, since its amplitude can vary strongly without concomitant variation in its period, depending on the physiology or handling of the cells.) Perhaps the rhythm of stickiness reflects rhythmic changes in the pumping of specific ions out of the cell. For example, an ion such as Ca2+ might be extruded, mediating sticking to a negatively charged glass surface during the subjective night, whereas K+ might populate the cell surface during the subjective day and be relatively ineffective as an ionic bridge. Differences in stickiness under various conditions might reflect differences in net negative surface charge of the cell wall or of regions in the wall (due, for example, to different extents ofsynthesis ofsome wall components?). A detailed model accounting for the striking differences in effects of K+ and Na+ on stickiness awaits future experimentation.
Alternatively, the rhythm of stickiness might be a rhythm of synthesis of a component of the cell wall that mediates sticking but that is degraded or masked during the subjective day. In this construct, ions would not play a central role-in our tests they would be enhancing sticking through a different process, unrelated to the one controlled by the clock-and variations in maximal stickiness on different days would arise from various amounts of the hypothetical sticky substance synthesized by cells in slightly different physiological conditions. A rhythm of synthesis of a substance at the cell surface might not be tightly coupled to the driving oscillator, however, as mentioned earlier, it might be exploited as a sensitive way of isolating clock mutants by serological techniques.
